The effect of dust particle size on the distribution and bioaccessibility of flame retardants (FRs) in indoor dust remains unclear. In this study, we analyzed 20 FRs (including 6 organophosphate flame retardants (OPFRs), 8 polybrominated diphenyl ethers (PBDEs), 4 novel brominated flame retardants (NBFRs), and 2 dechlorane plus (DPs)) in composite dust samples from offices, public microenvironments (PME), and cars in Nanjing, China. Each composite sample (one per microenvironment) was separated into 6 size fractions (F1-F6: 200-2000 µm, 150-200 µm, 100-150 µm, 63-100 µm, 43-63 µm, and < 43 µm). FRs concentrations were the highest in car dust, being 16 and 6 times higher than those in offices and PME. The distribution of FRs in different size fractions was Kow-dependent and affected by surface area (Log Kow=1-4), total organic carbon (Log Kow=4-9), and FR migration pathways into dust (Log Kow > 9). Bioaccessibility of FRs was measured by the physiologically-based extraction test, with OPFR bioaccessibility being 1.8-82% while bioaccessible PBDEs, NBFRs, and DPs were under detection limits due to their high hydrophobicity. The OPFR bioaccessibility in 200-2000 µm fraction was significantly higher than that of < 43 µm fraction, but with no difference among the other four fractions. Risk assessment was performed for the most abundant OPFR-tris(2-chloroethyl) phosphate. The average daily dose (ADD) values were the highest for the < 43 µm fraction for all three types of dust using total concentrations, but no consistent trend was found among the three types of dust if based on bioaccessible concentrations. Our results indicated that dust size impacted human exposure estimation of FRs due to their variability in distribution and bioaccessibility among different fractions. For future risk assessment, size selection for dust sampling should be standardized and bioaccessibility of FRs should not be overlooked.
Introduction
Polybrominated diphenyl ethers (PBDEs) have been widely applied as flame retardants (FRs) in furniture, upholstery materials, and polymer resins (Brandsma et al., 2013; van der Veen and de Boer, 2012) . Due to their health concerns, their use has been banned worldwide recently (Shaw et al., 2010) . However, being persistent organic pollutants (POPs), PBDEs can be ubiquitously detected even after being banned for decades. On the other hand, the phase-out of PBDEs is concurrent with increasing use of alternative FRs. The common alternatives include organophosphate flame retardants (OPFRs), novel brominated flame retardants (NBFRs), and dechlorane Plus (DPs) (Stapleton et al., 2012) .
Flame retardants can be released into the environment by abrasion or volatilization, leading to their accumulation in indoor dust (Abdallah and Covaci, 2014; van der Veen and de Boer, 2012) . Growing evidence showed that indoor dust plays a significant role in human exposure to FRs (Mercier et al., 2011) . As a complex mixture with particles from multiple sources, dust particle size varies from nanometer to millimeter level (Butte and Heinzow, 2002) . Some studies reported that the concentrations of organic contaminants were related to particle size but with inconsistent conclusion (Lewis et al., 1999; Yu et al., 2013) . For example, phthalate esters were mainly present in dust with particle size of 63-2000 µm (Wang et al., 2013a) . On the other hand, Cao et al. (2014a) found that finer particles (~7 µm) showed no enrichment of PBDEs and NBFRs compared with larger particles. In addition, contaminant distribution among different particle size fractions is important for risk assessment since human exposure to contaminants in indoor dust is affected by particle size. For example, particles < 246 µm usually adhere to children's hands, and are therefore more likely to be ingested, while particles < 100-200 µm are retained by skin (Mercier et al., 2011) , which may pose health threat through dermal uptake. However, studies regarding the distributions of FRs in different particle size fractions in dust are still poorly understood.
Another critical issue in risk assessment is bioaccessibility because contaminants are not necessarily all available for uptake after oral ingestion (Rostami and Juhasz, 2011) . In recent decades, some physiologically-based in vitro methods have been used to measure the bioaccessibility of organic contaminants in dust, such as PAHs, OCPs, and PBDEs (Kang et al., 2012; Yu et al., 2012) . However, information about the bioaccessibility of novel flame retardants including NBFRs, OPFRs, and DPs is still rare. Their bioaccessibility in dust may also depend on particle size (USEPA, 1995) , and has been investigated for some organic contaminants (e.g., PCBs; Wang et al., 2013b) . To our knowledge, no information is available about the effect of particle size on FR bioaccessibility in dust so far.
To better estimate the potential risks associated with human exposure to FRs in dust, it is important to understand the impact of dust particle size on their distribution and bioaccessibility. To this end, the objectives of this study were to: (1) determine the distribution of FRs among particle size fractions in different indoor dust; and (2) investigate the effect of particle size on the bioaccessibility of FRs via physiologically-based extraction test (PBET); and (3) to estimate the oral exposure risk of FRs among different particle size fractions based on both total and bioaccessible concentrations.
Materials and methods

Chemicals and reagents
A total of 20 flame retardants were investigated, including 6 OPFRs (TCEP, TCPP, TDCPP, TBP, TPP, and EHDPP), 4 NBFRs (HBB, TBB, TBPH, and DBDPE), 8 PBDEs , and 2 DPs (syn-DP and anti-DP). The full name and detailed properties of all FRs are listed in supporting information as Table S1 . Standard chemicals were purchased from Aladdin Industrial Corporation (Shanghai, China) and J&K Scientific (Shanghai, China) with purity > 98%. All solvents and chemicals were of HPLC or analytical grade. Stock solutions were prepared in n-hexane at concentrations of 100-1000 mg/L for each compound.
Indoor dust sampling
Three types of indoor dust samples were collected from offices (n = 12), public microenvironments (PME) (n = 7, 3 laboratories, 1 classroom, 1 lobby, 1 hotel, and 1 supermarket), and a car wash station (composite dust samples of > 100 cars) in Nanjing, China. The dust samples from offices and PME were collected from air-conditioner (AC) filters, while car dust was collected from carpet surface, seats, and dashboard by a vacuum cleaner. Dust samples from each category were mixed, homogenized, and sieved through nylon sieve to < 2000 µm. Each type of sample was separated into 6 fractions via sieving, including F1 (200-2000 µm), F2 (150-200 µm), F3 (100-150 µm), F4 (63-100 µm), F5 (43-63 µm), and F6 (< 43 µm). Different sampling methods (AC filter sampling for office and PME dust vs surface collection for car dust) may effect on the particles size distribution. AC filters usually retain smaller particles from the air, while larger size of dust can be observed in surface dust (He et al., 2016) . However, the effect of different sampling methods on size distribution of dust was alleviated by manually sieving dust samples into 6 fractions. All dust samples were stored in aluminum foil at −20°C until analysis. Total organic carbon (TOC) contents in dust were analyzed by element analyzer (vario TOC select, Elementar, Germany) after removing carbonate carbon by dissolving dust in 0.5 M HCl.
Total concentrations of flame retardants in dust
The dust samples were extracted according to He et al. (2016) . Triplicates were used for each dust and procedural blanks were also included. Each dust sample (~0.2 g) was extracted in a sonicator (SCOENTZ, SB-800 DTD, China) with 20 mL n-hexane for 30 min three consecutive times. The combined extract was evaporated to near dryness (IKA ® RV10, Germany) and re-dissolved in 2 mL n-hexane. The nhexane solution was then transferred to 2 mL amber vials after filtration through a 0.45 mm PTFE filter (ANPEL, China) and stored at −20°C until analysis.
Bioaccessible flame retardants in dust
Bioaccessible FRs in dust samples were measured using the physiologically-based extraction test (PBET) (Ruby et al., 2002; Tilston et al., 2011) in the way reported in our previous study (He et al., 2016) . Briefly,~0.2 g dust sample was extracted by gastric fluid at pH = 2.5 with being shaken at 37°C in an incubator (HZP-250, China) at 150 rpm. After 1 h, the solution was converted to intestinal fluid by adjusting pH to 7 and adding 0.035 g bile salts and 0.01 g pancreatin. After shaking for 4 h at 37°C and 150 rpm, the mixture was centrifuged at 3000 rpm for 5 min and the supernatant was filtrated through a 0.45 µm PTFE filter (SCAA-113, China) into a glass centrifuge tube. An aliquot of 10 mL supernatant was extracted by sonication with 10 mL nhexane for 30 min three times. The extracts were combined into 150 mL flask bottle after dehydration by filtration with anhydrous sodium sulfate. The extracts were then condensed and reconstituted in 2 mL nhexane. The final extract was filtered through a 0.45 µm PTFE filter (ANPEL, China) into 2 mL amber vial for analysis. The bioaccessibility of FRs was calculated based on the following equation:
Risk assessment
The values of average daily dose (ADD) of FRs in the dust samples through non-dietary ingestion was determined according to the following equation. There are other exposure pathways that contribute to the overall exposure in addition to dust ingestion, namely inhalation and dermal pathway. However, in terms of dust samples, due to the relatively large particle size as well as high frequency of hand-mouth behavior, especially for young children, incidental dust ingestion can be considered as a significant exposure pathway. Therefore, we focused on the ADD ingest .
Where C represents FR concentrations in cars, PME, or office dust (µg/ g), IngR is the ingestion rate of indoor dust (g/day) at 0.11 for adults (Kang et al., 2012) , and BW refers to the body weight (kg) at 61.5 kg for adults (Wang et al., 2013a) . Bioaccessible FRs were also taken into consideration for non-dietary ingestion exposure:
Chemical analysis
The analysis of OPFRs was conducted on gas chromatography (Agilent Technologies, 7890A) coupled with mass spectrometry with an electron ionization mode (Agilent Technologies, 5975) (GC-MS) in selective ion-monitoring mode. Temperature of the injector and ion source was 280°C, and analyte separation was achieved using a TR-5MS column (30 m × 0.25 mm i.d with 0.25 µm film thickness). Helium (99.999%) was used as a carrier gas at a flow rate of 1 mL/min. The analysis of PBDEs, NBFRs, and DPs were conducted on GC (Agilent Technologies, 7890 A) coupled with MS (Agilent Technologies, 7000B) (GC-MS) under negative chemical ionization mode. Temperatures of the injector and ion source were 280°C and 150°C, and analyte separation was achieved using a DB-5MS column (10 m × 0.25 mm i.d with 0.25 µm film thickness for PBDEs, and 30 m × 0.25 mm i.d with 0.25 µm film thickness for NBFRs/DPs). The temperature programs and characteristic ions for each compound can be found in Supporting information.
QA/QC
To minimize cross contamination, glassware was used for sample extraction, storage, and analysis. Prior to use, the glassware was washed and heated at 450°C for 4 h. Method, procedural, and solvent blanks were included for quality control, and solvent blanks were analyzed every 8 samples on GC-MS. There were no PBDEs, NBFRs, and DPs detected in blanks. TCEP and TDCPP were detected in procedural blanks at average concentrations of 6.09 and 4.53 μg/L, which were accounted for during data analysis. The instrument limits of detection were calculated as three times the background noise level by running 7 solvent blanks, which were 0.7-2.9 µg/kg for OPFRs, 1.5-50 µg/kg for NBFRs/DPs, and 2.0-50 µg/kg for PBDEs. The deuterated tributyl phosphate (purity=98-99%, Cambridge Isotope Laboratories, USA) was used as a surrogate to monitor the extraction recovery for OPFRs. The recovery efficiencies based on deuterated tributyl phosphate were 98.2 ± 8.15% and 84.9 ± 14.1% for dust extraction and supernatant extraction after PBET incubation. Standard reference material for dust (SRM2858, NIST, USA) was also measured for method recovery for more hydrophobic FRs with values of 87 ± 2.3-130 ± 6.6%.
Result and discussion
Information on FRs in indoor dust mainly focuses on homes and offices (He et al., 2016; Kim et al., 2013) , while relatively less information exists for other microenvironments such as cars Brommer and Harrad, 2015) . Therefore, dust samples from offices, PME and cars were collected and the effects of particle size on FR distributions and bioaccessibility were investigated. Though contaminants preferably accumulate in fine particles (< 63 µm fraction) due to their large surface area, and consequently more damage can be expected from ingestion of these particles (Johnson-Restrepo and Kannan, 2009), the 100-200 µm fraction makes the largest contribution to dust mass. In addition, larger particles (> 200 µm) in indoor dust are often carried from outdoors by people or wind, so outdoor contaminants absorbed onto these particles also pose a health threat (Cao et al., 2014a; Mercier et al., 2011) . Therefore, each type of dust sample (i.e., car, PME, and office) was separated into 6 fractions, including F1 (200-2000 µm), F2 (150-200 µm), F3 (100-150 µm), F4 (63-100 µm), F5 (43-63 µm), and F6 (< 43 µm), to compare FR distribution and bioaccessibility among various size fractions.
Distributions of FRs among different dust samples
Comparison among different types of dust were conducted based on average FR concentration across 6 size fractions, with concentration for each fraction of FRs being provided in supporting information (Table  S2) . Among the three types of dust, FR concentrations in car dust were the highest except for DPs. For example, ∑OPFRs in car dust was 92.3 μg/g, which were 16 and 6 times higher than those in the dust of offices (5.89 μg/g) and PME (15.7 μg/g) ( Table 1) . Total PBDEs were significantly higher for car dust at 106 μg/g compared with that of office and PME at 3.81, and 3.28 μg/g. High FRs in car dust has also been reported in other studies. For example, ∑OPFRs and ∑PBDEs concentration in car dust were 217 and 340 μg/g, which were higher than those in office (69.7 and 31 μg/g) and home dust (47.8 and 260 μg/g) in UK (Brommer and Harrad, 2015; Harrad et al., 2008) . This may result from the use of acrylonitrile butadiene styrene/polypropylene polymer in the instrument panels and interior upholstery in vehicles with relatively compact space compared with that of offices or PME (Wilkie and Morgan, 2009 ). In addition, the higher temperature and limited ventilation inside cars than offices and PME can also enhance the release of FRs. However, the highest DP level was observed in dust from PME at 2.97 μg/g (Table 1 ). This was because DPs have mainly been used in plastic connectors in electrical appliances and furniture, which are frequently used in PME including labs, supermarkets and hotels (Sverko et al., 2011 ). Another thing is that different sampling strategies were utilized for the three types of dust in the current study. Car dust samples were from settled dust, while dust samples from offices and PME were collected from air conditioner filter, which were supposed to bind more contaminants due to the relatively smaller particle size and larger surface area (He et al., 2016) . Nevertheless, the higher FR concentrations in car dust, even being settled dust, indicated that the comparison result among the three dust is not blurred by the different sampling strategies.
In addition, the profiles of all FRs in three types of dust were investigated. For OPFRs, chlorinated OPFRs (i.e., TCEP, TCPP, and TDCPP) accounted for the majority at 95%, 97%, and 85% for office, PME and car dust (Fig. 1) . However, EHDPP made higher contribution in car dust (10%) than that in office and PME (1.6% and 0.9%). This may be attributed to the wide use of EHDPP in hydraulic fluids in car engine (van der Veen and de Boer, 2012). Among PBDEs, BDE209 was the most abundant compound in all samples. It is worth to mention that BDE 47 was only detected in car dust, indicating that penta-BDE may be still present in some products used for cars. The most dominant compound among NBFRs was DBDPE (Fig. 1) , which was due to its frequent use in China. For example, DBDPE is one of the most used NBFRs compared with BTBPE, TBPH, and TBB in China with annual production of 12,000 t in 2006 (Covaci et al., 2011) . When compared with BDE 209, DBDPE concentration was comparable in both office and PME dust (4.08 vs 3.59 μg/g for office, and 3.13 vs 3.08 μg/g for PME), but much lower in car dust (21 vs 101 μg/g) ( Table S2 ). The data indicated that the phase out of BDE 209 in materials (e.g., upholsteries) for cars may be lagging behind than that in products used in offices and PME.
Distributions of FRs among different size fractions
In this study, FR distributions among particle size fractions are shown in Fig. 2 . In all three types of dust, OPFR concentrations generally increased with the decrease of particle sizes from F1 (200-2000 µm) to F6 (< 43 µm) (Fig. 2) . For example, the OPFR concentrations were 3.51, 6.98, and 58.9 μg/g in 200-2000 µm fraction and increased to 8.22, 19.0, and 110 μg/g in < 43 µm fraction for dust from offices, PME, and cars (Fig. 2) . This is consistent with previous reports showing organic contaminants such as PAHs and PCBs in dust generally increased with decreasing particle size due to its larger surface area (Lewis et al., 1999; Wang et al., 2013b) . The data suggested that OPFRs were probably sorbed on the particle surfaces instead of being inside the particles (Lewis et al., 1999) . TCEP, as the most abundant OPFR, showed similar trend with ∑OPFRs, with the highest concentrations being in the < 43 µm fraction at 7.13, 16.6, and 81.9 μg/g for dust from offices, PME, and cars (Table S2 ). With the increasing hydrophobicity of OPFRs (Table S1 ), TOC may have more influence on OPFR distribution in different size fractions compared to surface area. For example, concentrations of more hydrophobic compounds (TPP and EHDPP) were the highest in the 150-200 µm fraction for car dust (5.30 and 10.0 μg/g; Table S2 ), which had the highest TOC content (18.3%) than other fractions in car dust. In contrast to OPFRs, there was no inverse relation between particle size and ∑PBDE concentrations (Fig. 2) . For example, the highest PBDE concentrations were observed in fractions of 43-63 µm, 100-150 µm, and 63-100 µm for dust from offices, PME, and cars at 4.64, 4.10, and 204 μg/g. Several studies also reported that PBDEs are not the highest in the finest dust fraction (Cao et al., 2014b; Yu et al., 2013) , which may be explained by their ways of entrance into dust. There are usually two pathways for FRs entering into indoor dust, i.e., volatilize-adsorption and abrasion (Cao et al., 2015) . Less hydrophobic FRs (such as OPFRs) enter indoor dust through volatilization, and their distributions are mainly determined by dust surface area. In other words, OPFRs concentrations increase with the decrease of particle size. While abrasion processes might be the dominating route for less-volatile FRs migrating to indoor dust (such as PBDEs with Log Kow=5.88-12.1, Table S1 ) (Yu et al., 2013) . Therefore FR release from abrasion process may show peak values in specific size fractions, which is determined by the size of abraded fragments. Among PBDEs, BDE209 was the most abundant compound sharing similar trend with ∑PBDEs, with the highest concentrations in 43-63 µm, 100-150 µm, and 63-100 µm fractions at 4.52, 3.81, and 203 μg/g for office, PME, and car dust (Table S2) . While for those less hydrophobic PBDEs (BDE153, BDE154 and BDE183 with Log Kow= 7.9, 7.8 and 8.3) (Table S1), TOC was more influential on their distribution among various fractions. For instance, concentrations of BDE153 and BDE183 were the highest in 150-200 µm fraction for PME dust (0.27 and 0.03 μg/g; Table S2 .2), and BDE153/154 were the highest in the 63-100 µm fraction for office dust (0.07 and 0.02 μg/g; Table S2 .1), both of which had higher TOC contents (15.0% and 13.4%) than other fractions.
With similar hydrophobicity with PBDEs (log Kow of NBFRs/ DPs=6.17-11.3 vs PBDE log Kow=5.88-12.1, Table S1), the distribution of NBFRs/DPs in different size fractions was similar to that of PBDEs in PME dust but not in car and office dust. The largest concentrations were observed in the 100-150 µm fraction for PME dust at 8.66 μg/g (Fig. 2) , indicating that NBFRs/DPs in PME dust mainly came from relatively coarse abraded fragments. However, a different distribution pattern was observed in office and car dust, i.e., NBFRs/DPs increased with decreasing particle size with the maximum concentration at 28.6 μg/g in the < 43 µm fraction of car dust. For those less volatile FRs applied in soft materials such as cotton or polyester, they migrate into dust mainly through abraded large fragments like PBDEs and NBFRs in PME dust. However, some FRs are also added in abrasionproof materials such as electrical hard plastics, so they migrate into dust mainly in relatively smaller fragments (Cao et al., 2014b) . In other words, the opposite patterns for PME and office /car dust reflected the heterogeneity of NBFR/DP-containing consumer goods applied among these different microenvironments.
Based on our data, it is expected that the distribution of FRs across different size fractions may depend on multiple factors including surface area, TOC, contaminant properties, and the pathway of FRs entering into the dust. To determine the main influencing factor, all FRs were pooled together and divided into three groups based on their hydrophobicity (i.e., Log Kow = 1-4, Log Kow = 4-9, and Log Kow > 9). The correlation between TOC contents and FR concentrations was conducted for the three groups in car dust (Fig. 3) as well as PME and office dust (Fig. S1 ). For FRs with Log Kow = 4-9, there was a positive correlation (r 2 = 0.67-0.87, p < 0.05) between FR distribution and TOC, but no significant correlation was observed for FRs with Log Kow = 1-4 or > 9 in all dust. For FRs with Log Kow = 1-4, they tend to volatilize into air, and can be adsorbed onto dust. In other words, their accumulation in dust is mainly controlled by dust surface area instead of TOC contents. As Log Kow increases, FRs become less volatile so TOC plays a more important role in their accumulation. Many studies showed that TOC plays a dominant role in sorbing hydrophobic contaminants with Log Kow=4-9, such as PAHs and PCBs in soils or R.-W. He et al. Environmental Research 162 (2018) 166-172 sediments (Liu et al., 2007) . However, for those highly hydrophobic contaminants (i.e., Log Kow > 9), the interactions between particle and gas are weak due to their low volatility and low diffusive transport (Fang and Stapleton, 2014) . In addition, some highly hydrophobic FRs tend to migrate with polymer debris into dust rather than adsorbed by dust particles (Yu et al., 2013) , which further explained the weak correlation between these contaminants and TOC contents. Overall, the distribution of FRs among different size fractions was determined by dust particle surface area for FRs with Log Kow=1-4, TOC contents in dust particles for FRs with Log Kow=4-9, and pathways entering into dust for FRs with Log Kow > 9.
Bioaccessibility of FRs among different types of dust
Considering the risk through exposure to FRs in dust was influenced by their bioaccessibility, physiologically based extraction test (PBET), one of the most widely used in vitro methods, was adopted to measure the bioaccessibility of FRs in different dust fractions (Ruby et al., 2002; Tilston et al., 2011) . The bioaccessibility of FRs was compared among different types of dust based on mean values across 6 size fractions (Table 2) , with bioaccessibility for all FRs in each size fraction being provided in Table S3 . For OPFRs, the mean bioaccessibility ranged from 1.8% for EDHPP in car dust to 82% for TCPP in office dust (Table 2) . When compared with OPFRs, almost all NBFRs/DPs and PBDEs were below the detection limit except for BDE 209 in car dust with mean bioaccessibility at 3.3%. Low bioaccessible NBFRs/DPs and PBDEs in dust can be attributed to their high hydrophobicity, since previous studies as well as our work showed that the gastrointestinal solution in PBET cannot provide sufficient mobilization capacity for these sparselysoluble contaminants (Juhasz et al., 2014; Li et al., 2016) . When looking into different types of dust, the bioaccessibility of FRs for car dust were generally lower than those in the other two types of dust (Table 2) , which may be partially explained by the higher contamination levels in car dust. During the in vitro extraction, FR mobilization in gastrointestinal solution may become slow as contaminant level increased (Holman et al., 2002) . In other words, the system was not in equilibrium after 4 h extraction for car dust, which contained more FRs. Additionally, saturation may be expected if FR level is too high for extraction capacity of gastrointestinal solution. To test these hypothesis, the intestinal phase extraction time was extended from 4 to 8 h, or the solid: liquid ratio was increased from 1:100 to 1:200. The bioaccessibility of FRs in car dust was increased to some extent with longer time or higher volume of gastrointestinal solution. For instance, TPP bioaccessibility increased from 3.7 ± 2.2% at 4 h to 7.4 ± 2.4% at 8 h, while TCEP bioaccessibility became slightly higher at solid: liquid ratio of 1:200 (57.9 ± 9.8%) than 1:100 (45.7 ± 9.3%) (Table S4 ). However, bioaccessible FRs in car dust, though higher with longer incubation time or more gastrointestinal solution, were still much lower than those for the other two types of dust, e.g., bioaccessible TPP and TCEP in office dust were 12.5 ± 2.6% and 89.6 ± 14.6%. Therefore, the lower bioaccessibility observed for car dust probably also result from other factors, such as different materials used in vehicles or different ways for FRs migrating into car dust comparing with that in office and PME.
Bioaccessible FRs were further compared among various size fractions (Fig. 4 and Table S3 ). In general, the highest bioaccessibility was found in 200-2000 µm fraction from 2.7 ± 0.6% (EHDPP in car dust) to 86.6 ± 3.5% (TCPP in PME dust), while the lowest was detected in the < 43 µm fraction at 1.2 ± 0.1% (BDE 209 in car dust) −74.2 ± 12.5% (TCPP in office dust). However, statistically difference was only found between the < 43 and 200-2000 µm fractions (p < 0.05) with no difference being observed among other size fractions (Fig. 4) . Our result is comparable to a previous study where the bioaccessibility of PAHs is higher in the < 4000 µm size fraction than that in the < 45 µm size fraction since PAHs tend to remain in dust with higher organic contents and larger surface area (Siciliano et al., 2010) . In our study, dust in the 200-2000 µm fraction had relatively smaller surface area (1.61-2.78 m 2 g −1 ) and less TOC contents (7.23-10.9%, Table S2 ) than other fractions, which can explain the higher bioaccessible FRs observed in this fraction. For certain organic contaminants (e.g., PAHs, and OPFRs), the coarse fractions are often associated with lower contamination levels, and the risk through their ingestion may not be a concern even with higher bioaccessibility. However, for those hydrophobic FRs migrating into dust with the abraded large fragment, greater health threat may be expected for coarse fractions due to the elevated accumulation of FRs as well as their relatively higher bioaccessibility.
Human exposure risk assessment
For human exposure risk assessment for FRs in dust, most studies ignored dust size fractions as well as their bioaccessibility, which may influence risk estimations. In this study, we performed risk assessment based on dust size fractions and FR bioaccessibility. TCEP, the most dominant OPFR compound, was selected to calculate the ADD ingest values. The highest ADD ingest values were observed in the < 43 µm fraction with 12.8, 29.7, and 147 ng/kg/d for office, PME and car dust, respectively, all of which were lower than the reference dose of TCEP is 2200 ng/kg/d (Abdallah and Covaci, 2014) . While the lowest ADD ingest Fig. 3 . Correlation between TOC contents and flame retardant concentrations in various size fractions of car dust. (G1 means flame retardants with Log Kow=1-4; G2: flame retardants with Log Kow=4-9; G3: flame retardants with Log Kow > 9). R.-W. He et al. Environmental Research 162 (2018) 166-172 values were observed in 200-2000 µm fraction with 4.92, 9.49, and 54.3 ng/kg/d, respectively (Fig. 5 ). The data indicated that different dust size led to significant differences in ADD ingest estimation, e.g., exposure assessment using fine particles (F6) led to overestimation or underestimation with larger particles (F1). The highest ADD values were observed in < 43 μm fraction for all dust without considering FR bioaccessibility, but different peak values were found among dust when FR bioaccessibility was accounted. For example, when incorporating TECP bioaccessibility, the peak values of ADD ingest-bio shifted from < 43 µm to 100-150 µm (10.0 ng/kg/d for office dust), 63-100 µm (19.4 ng/kg/d for PME dust), and 43-63 µm (65.0 ng/kg/d for car dust). The data indicated that particle size is important for risk assessment since FR distribution varied with particle size, and FR bioaccessibility also depended on particle size. For instance, TCEP bioaccessibility in 100-150 µm fraction in office dust at 93% was much higher than that in PME (70%) and car dust (50%). However, its bioaccessibility among three dust sample was similar in the < 43 µm fractions in the range of 38-48%. Overall, size selection for dust sampling varies according to different purposes (Abdallah and Covaci, 2014; Ali et al., 2013; He et al., 2016) . Though significantly different distribution was observed for FRs among different size fractions, it may be realistic to use the adherent dust (< 100-200 µm) to conduct human exposure assessment. However, due to its variety among size fraction and dust category in the current study, FR bioaccessibility cannot be simply derived from one size or dust type, and it is crucial to measure FR bioaccessibility before assessing human health risk.
Environmental implications
Our results indicate that particle size is crucial to estimate the risk assessment through exposure to FRs in indoor dust, and overestimation or underestimation can occur if improper size selection sampling strategy is adopted. Therefore, standardization of size selection during dust sampling is necessary. In addition, greater variability for FR bioaccessibility existed among size fractions as well as dust types, inducing a more complicated scenario for risk assessment, bioaccessibility values therefore need to be measured instead of being empirically derived or standardized. On the other hand, a number of studies have investigated the regional FR contamination levels in indoor dust from many countries worldwide. However, their comparability was obstructed due to different strategies of dust sampling used in their studies. A clear understanding of particle size effect is useful to compare results from different studies and assess human exposure to FRs. Fig. 4 . The effect of particle size on TCEP/TPP bioaccessibility in different types of dust (i.e., office, PME, and car). R.-W. He et al. Environmental Research 162 (2018) 166-172 
